Abstract.-When a data set is partitioned, the resulting subsets may contain phylogenetically conflicting signals if they have different evolutionary histories. In a data set with many taxa, a single taxon that contains multiple phylogenetic histories may result in global incongruence, but no methods are available in a parsimony framework to localize incongruence to specific clades in a phylogeny or to test the significance of incongruence on a local scale. Here we present a new method to quantify the conflict between data partitions for any clade in a phylogeny and to test the statistical significance of that conflict by using a metric called the local incongruence length difference. We apply this method to the evolutionary history of the nuclear receptor superfamily, a large group of transcriptional regulators that play essential roles in metazoan development and physiology. All nuclear receptors are composed of several discrete domains, including one that binds to DNA response elements on specific target genes and another that binds to the appropriate ligand. We have performed combined and separate phylogenetic analyses of these two domains and have tested the hypothesis that nuclear receptors evolved by a simple process of lineage splitting and divergence, without domain shuffling or other forms of sequence transfer between proteins. Our analysis indicates that significant conflict exists between the partitioned domains at a few nodes on the tree, suggesting that several groups of receptors are "hybrid proteins" formed by domain shuffling or other forms of sequence transfer between more ancient nuclear receptors. [Character partitions; exon shuffling; gene family evolution; incongruence; molecular evolution; nuclear receptors.]
Comparative biology uses phylogenetic methods to understand the patterns and processes by which biological functions have evolved. Although most comparative analyses have evaluated the evolution of function at the organismal level, the same tools can be used to understand how novel molecular and biochemical functions have evolved. In this paper, we develop a new technique to evaluate the significance of local incongruence and use it to examine the phylogeny and evolution of the nuclear receptors, a superfamily of hormone-controlled transcriptional regulators that control prominent aspects of metazoan development, reproduction, and physiology.
The Problem of Incongruent Data Sets
Partitioned data sets-morphological and molecular information, sequences from nuclear genomes and those from organelles, or sequences from different genes within a genome-may contain phylogenetically conflicting signals if they have dif- 3 Corresponding author. ferent evolutionary histories. This situation may occur, for example, when two taxa hybridize to form a new one, when population-level processes create divergent histories for maternal and paternal lineages, or when genes are transferred horizontally between taxa.
The simplest way to reveal incongruence is to analyze data subsets separately. But partitioned subsets will often have different phylogenies, even if the conflict between subsets is no greater than that within them, simply because of the noise introduced by homoplastic characters, which have a greater effect when the total number of characters in an analysis is reduced by partitioning. The incongruence length difference (ILD) test (Mickevich and Farris, 1981; Farris et al., 1995) offers a simple statistical method to differentiate the effect of random, unstructured homoplasy from that of conflicting signal. Structured incongruence, as revealed by a statistically significant ILD, is caused only when many characters in one data subset support a phylogeny that is strongly contradicted by the other subset. This situation may arise if the subsets have 184 SYSTEMATIC BIOLOGY VOL. 49 different histories or if biological processes concentrate positively misleading phylogenetic signal in one subset but not the other. The latter situation may occur if longbranch attraction, differential base composition, or parallel selection affects a single data subset, causing distantly related taxa to converge in phylogenies inferred from that subset but not in those based on other subsets.
Like other methods to quantify or test incongruence between subsets (Larson, 1994; Huelsenbeck and Bull, 1996; Miyamoto, 1996; Cannatella et al., 1998) , the ILD test does not tell which taxa or groups of taxa are responsible for the conflict. Incongruence that is statistically significant need not imply different evolutionary histories for all taxa in a phylogeny; considerable incongruence may arise if partitioned data sets support conflicting phylogenetic positions for just one or a few taxa. When significant incongruence occurs, it would be useful to know which taxa are responsible and to evaluate whether the interpartition conflict for these problematic taxa is meaningful or could have arisen by random homoplasy alone. Some investigators have sought to identify the sources of incongruence by removing suspect taxa from the analysis (e.g., Poe, 1996) , and an approach has recently been developed to quantify the extent to which partitioned data sets support individual nodes on a simultaneous analysis phylogeny (Baker and DeSalle, 1997) , but no methods are available to test the significance of incongruence at a local scale.
We have developed a new method-the local incongruence length difference (LILD) test-to evaluate hypotheses of incongruence for individual nodes that differ between the most-parsimonious trees of any two data sets. The LILD is defined as the number of extra steps required for any incongruent node in the simultaneous analysis tree to appear in the phylogeny for a partitioned data subset. The LILD thus quantifies the extent to which the information in one data set conflicts with a specified clade in the most-parsimonious phylogeny for another data set. When a node appears in both phylogenies, its LILD equals zero; the LILD increases to the extent that the partitioned data contain phylogenetic signal that conflicts with the monophyletic grouping being examined. An LILD can be seen as the converse of a Bremer support; it expresses the number of extra steps required when a nonoptimal node is imposed on a data set rather than when an optimal node is constrained not to appear.
Like a Bremer support, an LILD in itself is informative in a relative but not an absolute sense: A value of 6 implies more conflict than a value of 1, but at what point do we have evidence of significant incongruence? The statistical significance of an LILD at any node can be tested nonparametrically in a manner analogous to the test of Farris et al. (1995) for global incongruence: The LILD for that node can be compared with a set of LILDs for the same node obtained by using a large number of random partitions in the original data set, each being equal in size to the test partition. This set of values represents the distribution of LILDs expected to occur by the effects of partitioning alone; the fraction of LILDs in this distribution that are equal to or greater than the magnitude of the test LILD gives the probability that unstructured homoplasy would have produced the incongruence observed for the test partition. As in any statistical evaluation of hypotheses, an LILD is judged significant if its calculated P-value is less than some arbitrarily chosen critical value, such as 0.01,0.05, or 0.10.
"LILD," a UNIX-compatible program that quantifies local incongruence and tests its significance using this strategy is available from the authors at www.columbia. edu / ~jt!21 /LILD. An interactive on-line version is available at the same site.
The Nuclear Receptor Superfamily
Biologically meaningful partitions may occur not only among genes but within them if the domains of a protein have different origins, as may occur in the case of exon shuffling, intergenic recombination, or other forms of sequence transfer between genes (for a review of mechanisms, see Li, 1997) . The nuclear receptors are a large superfamily of related transcriptional regulators that mediate the impact of fat-soluble hormones and other compounds on reproduction, development, metamorphosis, and the maintenance of homeostasis in a broad range of metazoans (Evans, 1988; Gronemeyer and Laudet, 1995; . These compounds-including the gonadal and adrenal steroids, ecdysteroids, thyroxine, retinoic acids, vitamin D, fatty acids, and bile acids-can cross cell membranes and bind specifically to one or several nuclear receptors, causing a change in protein conformation. The bound receptor then activates or represses the transcription of target genes by binding to specific cis-acting DNA sequences-as a monomer, homodimer, or heterodimer-and interacting with coactivators, corepressors, or the basal transcription complex .
Hormones are the chemical signals by which a multicelled animal coordinates gene activity among its cells, controlling the processes that create and maintain its unity as an organism. The cascades of gene expression triggered by nuclear receptors are involved in a stunning variety of functions, including embryonic patterning of the body axis, segments, and limb-fields; cell differentiation and the development of the nervous system, viscera, bone, skin, eyes, and immune system; regulation of the life cycle, such as larval molts, metamorphosis, and puberty; reproductive development, physiology, and behavior; responses to stress; and regulation of fat and carbohydrate metabolism. The essential and diverse roles of these genes in metazoan biology suggest that the history of nuclear receptors may be linked to major innovations in evolution at the level of the organism; an understanding of the evolution of the nuclear receptors should shed light on the mechanisms by which innovations in animal development, reproduction, and physiology evolved. What is the origin of this gene family? How have its members multiplied and diversified? How have mutations and other molecular events conferred new functions on these proteins? Some authors (Amero et al., 1992; Laudet et al., 1992) have suggested that the nuclear receptor superfamily evolved by a strict process of duplication and divergence beginning with a single ancestral gene, whereas others (Yamamoto, 1985) hypothesize that nuclear receptors are modular constructions produced when independent DNA-binding and ligand-binding domains are joined to produce new receptors.
More than 50 unique nuclear receptors have now been sequenced from a variety of organisms, including mammals, birds, amphibians, fish, echinoderms, insects, and nematodes. Of these, some are so-called orphan receptors, for which the ligands have not been identified or which, in some cases, have no natural ligand and function as constitutive activators or repressors . Nuclear receptors have been identified but not fully sequenced in a wider range of taxa, including flatworms and cnidarians (Escriva et al., 1997) . Steroids may regulate transcription in slime molds and some plants, but no nuclear receptors have been identified outside the metazoa (Brunt et al., 1990; Moore, 1990; Agarwal, 1993; Escriva et al., 1997) . Nuclear receptors have been named on an ad hoc basis by their discoverers, usually on the basis of one aspect of their function or expression. Many are named after the ligands that activate them (e.g., estrogen and androgen receptors, thyroid hormone receptors (TRs), retinoic acid receptors (RARs), and the ecdysone receptor (EcR)); some are named after the genes they regulate (e.g., steroidogenic factor 1 (SF-1), and chicken ovalbumin upstream transcription factor (COUP-TF)); others are named after the tissues in which they are expressed (e.g., liver X receptor (LXR), germ cell nuclear factor (GCNF)); and some are named by the chromosomal location of the genes from which they are transcribed, identified by puffing during insect metamorphosis (E75a, E78, DHR38) (see Table 1 ).
The canonical receptor sequence consists of four major domains ( Fig. 1) : the N-terminal domain, which is involved in transactivation; the DNA-binding domain (DBD), a NTD DBD / Hinge T-box LBD FIGURE 1. Domain structure of nuclear receptors. The nonconserved N-terminal domain (NTD) and hinge are shown as open boxes. The amino acid sequences of the DNA-binding domain (DBD), T-box, and ligand-binding domain (LBD) are adequately conserved for alignment and phylogenetic analysis. The DBD consists of two zinc fingers, and the LBD comprises largely alpha-helices that fold to form a hydrophobic ligand-binding pocket.
zinc-finger region that binds specific genomic response elements; a flexible hinge region, which includes signals for nuclear localization and the binding of heat shock proteins; and a ligand-binding domain (LBD), which also contains sequences that mediate receptor dimerization, trans-activation, and trans-repression. The N-terminal domain and hinge are highly divergent, but the DBD and LBD of nuclear receptors have been conserved over evolutionary time; the amino acid sequence of these domains of the androgen receptor, for instance, are 97% and 84% identical between mouse and the anuran Xenopus laevis (Thornton and Kelley, 1998) . The amino acid sequences of paralogous receptors are more divergent but are still highly conserved: The mouse androgen and progesterone receptors, which diverged from each other at least 400 million years ago (Escriva et al., 1997) , are 82% and 55% identical in the DBD and LBD, respectively (Thornton and Kelley, 1998) . Despite this conservation of sequence, the functions of nuclear receptors are extremely diverse: they specifically bind various ligands and response elements, have distinct dimerization behavior, and mediate different effects on transcription.
Understanding the evolution of the nuclear receptors must begin, of course, with phylogeny. Several investigators have proposed phylogenies based on amino acid sequences, but most of these analyses have relied on phenetic methods (Amero et al., 1992; Laudet et al., 1992; Gronemeyer and Laudet, 1995; Laudet, 1997) . Those that have used parsimony-based methods have analyzed only a fraction of the available nuclear receptors (Laudet, 1997) or have considered only the DBD (Detera-Wadleigh and Fanning, 1994; Thornton and DeSalle, 1997) , despite the presence of a large number of phylogenetically informative characters in the LBD. Analyses that included sequences from both the DBD and the LBD have assumed that these two domains always share a single history, but this assumption has never been tested.
Here we present a comprehensive cladistic analysis of the phylogeny of the nuclear receptors in a simultaneous analysis framework. To understand the role of domain shuffling in the history of the superfamily, we have separately analyzed the phylogenies of the protein's major conserved domains and the nature of incongruence between them. Specifically, we have tested the hypothesis that nuclear receptors have evolved as singular protein entities-without domain shuffling or other forms of sequence transfer between receptors-by using a new method to localize partition incongruence to specific clades and to statistically evaluate its significance.
MATERIALS AND METHODS

Sequences
We obtained all the full-length nuclear receptor amino acid sequences available in GenBank as of 1 January 1998. Because there are hundreds of nuclear receptor sequences in the literature-most from closely related mammalian species-analysis of all sequences would be extremely computationally demanding. The DBD and LBD of nuclear receptor paralogs are highly conserved within phyla, however, and a preliminary parsimony analysis indicates that orthologous sequences from vertebrates always form monophyletic groups (Thornton and Kelley, 1998) ; this allowed us to select a single ortholog for any given gene without causing significant loss of phylogenetic information or lengthening of branches. For each nuclear receptor, then, we chose one sequence from vertebrates and one from arthropods; sequences from Mus musculus and Drosophila melanogaster were used whenever available. Orthologs bearing different names were identified from the listing of Gronemeyer and Laudet (1995) . When orthology was uncertain (e.g., for Xenopus ONR1), multiple sequences were included. Complete sequences from Caenorhabditis elegans were also used, but those that were too divergent for the boundaries of the DBD and LBD to be identified with confidence (see below) were excluded. Nuclear receptors with truncated sequences (i.e., knirps, egon, and DAX-1) were not used.
Using these criteria, we assembled a group of 62 full-length amino acid sequences of nuclear receptors from GenBank (Table 1) : 47 paralogous nuclear receptors from vertebrates, 13 from insects, and 2 re- ceptors from nematodes that could be aligned to other receptors. The DBDs and LBDs were isolated from the full-length sequences as follows. As traditionally defined, the DBD begins with the first cysteine of the first zinc finger and ends with a methionine following the second zinc finger; a region just C-terminal to this highly conserved region, corresponding to the Tbox of certain receptors (Wilson et al, 1992) , is also phylogenetically informative and appears to play an important role in the DBD function (Wilson et al., 1992; Thornton and Kelley, 1998) . For this analysis, we thus included in the DBD 12 amino acids Cterminal to the last methionine in the traditionally recognized zinc finger region. The alignable portion of the LBD 20 residues Nterminal to a previously identified "LBD signature motif" (Wurtz et al., 1996) and ends with a conserved activation domain referred to as the AF-2ad core (Wurtz et al., 1996) . Alignment As in many phylogenetic analyses of sequence data, alignment of the nuclear receptors posed a considerable challenge. Numerous sites in the nuclear receptor sequences are sensitive to the gap-to-change ratio selected, and there is no way to identify the "correct" value for this parameter. We thus used the elision method (Wheeler et al., 1995) : we created multiple alignments over a range of parameters and included all plausible alignments in a master data matrix for phylogenetic analysis. The effect of this approach is to give greater weight to positions that align identically over a range of gap/change costs while downweighting those that are sensitive to alignment parameters. This approach makes more efficient use of information than simply omitting alignment-ambiguous sites altogether, while avoiding the arbitrary and subjective choice of one alignment over other plausible ones.
Sequences of the DBD and of the LBD were aligned separately by using CLUSTAL X 1.63 (Thompson et al., 1994 (Thompson et al., , 1997 at gap/change ratios in a base 2 geometric sequence (1, 2, 4, 8 , . . . , 64) . Alignments failing to align residues that are conserved in all nuclear receptors-specifically, the zinccoordinating cysteines and the AF2-ad core-were deemed obviously inaccurate and excluded. The remaining four plausible alignments (gap/change ratios of 2, 4, 8, and 16) were included in a single elision alignment for each domain. The elision alignments for the DBD (340 characters, 251 of which were phylogenetically informative) and the LBD (1,198 characters, 846 informative) were then combined in a single master data matrix (62 taxa by 1,538 characters, 1,097 informative) for phylogenetic analysis.
Phylogenetic Analysis
Phylogenies were evaluated by using PAUP* version 4.0-beta (Swofford, 1998) and PAUP* version 4.0d64ppc (Swofford, pers. comm.) . Because of the large size of the data matrix, we used a heuristic search procedure of 1,000 replicates of random taxon addition followed by TBR branch swapping; all characters and state transformations were given equal weight, and gaps were treated as missing data. This procedure was used on the aligned matrix for the DBD alone, the LBD alone, and the two domains combined. Bremer supports (Bremer, 1995) were estimated with AutoDecay (Eriksson, 1996) and PAUP*, using an abbreviated search procedure of 20 replicates of random addition and TBR branch swapping with no more than 20 trees held in any one replicate. Because these values were calculated from an elision matrix of four individual alignments, the tree lengths and Bremer supports were divided by four and rounded to the nearest integer to give the values presented. All tree scores were calculated with uninformative characters excluded. All trees have been arbitrarily rooted for display at one of many potential roots that are consistent with the evidence on the distribution of nuclear receptors in metazoans (Escriva et al., 1997) . All phylogenetic analyses, estimations of Bremer support, and tests of incongruence were conducted with uninformative characters excluded.
To understand the evolution of function during the history of the nuclear receptors, functional characters-DNA-binding specificity, ligand-binding specificity, and dimerization behavior-were mapped a posteriori onto the cladogram inferred from amino acid sequences. Functional characters were not used as character information in phylogenetic analysis because of rampant polymorphism (many receptors bind several ligands, can bind to multiple response elements, and can do so in various dimerization forms), missing functional data for many receptors, and coding problems (the ambiguity of proper coding for receptors that heterodimerize with different partners, for instance, or that bind to degenerate or extended response elements).
Evaluation of Incongruence
Global incongruence between domains was evaluated by using the partition homogeneity test of PAUP*, which implements the test of Farris et al. (1995) . For this analysis, heuristic searches were limited to 20 replicates followed by TBR branch swapping with no more than 20 trees held in any one replicate. Ninety-nine random partitions were created to yield a nonparametric distribution with a total of 100ILD values.
Local incongruence for each node in the combined analysis phylogeny that did not appear in the DBD-only tree was evaluated as follows. Each taxonomically incongruent node was individually imposed as a constraint on a phylogenetic analysis of the data subset that included only the DBD sequences, using the "enforce constraints" option in PAUP*. The number of extra steps required when a clade from the combined analysis tree is imposed on the data from the DBD subset equals the LILD for that node. The procedure was repeated for each incongruent node in the DBD. One hundred replicates of random addition followed by TBR branch swapping were used for these calculations.
The significance of the LILD for each incongruent node was then evaluated against a nonparametric distribution of LILDs for the same node. A random number generator was used to create 99 random partitions in the combined data matrix of nuclear receptor sequences, resulting in 99 data subsets, each having the same number of characters as the original test partition. In this process, the data matrix itself is not permuted in any way; the randomization procedure affects only the sorting of characters into the partitioned subset. We then calculated the LILDs for each randomly partitioned subset by subtracting the length of the most-parsimonious tree (MPT) for that subset from the length of the MPT for that subset with the relevant node constrained to appear. As in the ILD test, the set of LILDs from the 100 data partitions (1 test partition and 99 random partitions) represents a nonparametric distribution against which the significance of the LILD for the test partition can be evaluated; the P-value for any LILD is equal to the percentage of times that a greater or equal value occurs in the distribution. This procedure was then repeated for each incongruent node. For those analyses, heuristic searches were limited to 20 replicates of random addition followed by TBR branch swapping, with no more than 20 trees held in memory at any one time. For data interpretation, we chose a 90% confidence level (P < 0.10) as the critical value for statistical significance.
LILDs for random partitions could not be accurately calculated by using the elision matrix, because randomly assembling partitions from multiple alignments of the same characters would bias the random LILDs towards lower values. In the test partition between the DBD and the LBD, all four "copies" of each amino acid position were partitioned together as a single entity into one or the other data subset. In contrast, the creation of random partitions in the elision matrix would partition the characters of each alignment independently of the same residues in other alignments. On average, this procedure would tend to place two "copies" of each position into each data set, which would result in a more uniform distribution of character information into the two partitions than is the case for the test partition, biasing downward the LILDs for random partitions and inflating the calculated P-values. To calculate LILDs and random LILDs, then, we used a single alignment (gap/change cost = 16), for which the most-parsimonious phylogeny was identical to that found using the elision alignment.
RESULTS AND DISCUSSION
Phylogeny of the Nuclear Receptors
In a combined analysis of the DBD and LBD sequences, two equally most-parsimonious phylogenies were found (Fig. 2) , the strict consensus of which left only one node unresolved. Most clades in this phylogeny have Bremer support values ranging from 3 to 43 steps, indicating reasonable support for the corresponding clades. Several exceptions have low support-some are apparently due to unstructured homoplasy, whereas others appear to be the result of conflicting signal from the two domains, a subject to which we will return later.
This phylogeny indicates that there are five major classes of nuclear receptors, in contrast to the seven proposed in another analysis (Laudet, 1997) . Class I contains the peroxisome proliferator-activated receptors (PPARs), along with the transcriptional repressors Rev-erb A and B, the ROR/RZR receptors, and several related protostome receptors (DHR3, E78a, E75a, CHR3, and CNR14), along with the RARs and TRs. Class II includes EcR and the closely related vertebrate receptors FXR, UR, and LXR, along with the vitamin D receptor. Class III contains fewer members, consisting of the endocrine regulator NGFI-B and several very closely related proteins, including the arthropod receptor DHR38. Class IV includes numerous receptors that play key roles in development, including the retinoic acid X receptors (RXRs) and their arthropod ortholog ultraspracle (usp), the COUP-TFs and their ortholog seven-up (svp), hepatic nuclear factor 4 (hnf4), the tailless proteins (til and tlx), and the testicular receptors (TR2 and TR4) and their arthropod ortholog DHR 78. Class V contains the vertebrate steroid receptors including SF-1, the arthropod receptors Ftz-Fla and Ftz-Flb, and the vertebrate protein GCNF, which appears to be involved in gametogenesis.
Classes III and IV are very well supported, with Bremer supports \b) of 10 and 43, respectively. The monophyly of the group of sequences that make up the core of class I (the PPARs, Rev-erbs, and RORs) is also well-supported (b = 6), but the inclusion of the RARs and TRs in this class rather than in class II is less certain (b = 2). The members of classes II and V are clearly not members of the first three classes, but their own monophyly is not nearly so well supported, with Bremer supports of 2 or less.
Each phylogenetic class of receptors contains sequences from both vertebrates and arthropods, so members of all five classes presumably existed in the ancient common ancestor of these taxa. This pattern suggests that the nuclear receptor superfamily was already well diversified when the protostome and deuterostome lineages diverged Colors and Roman numerals delineate each of five major nuclear receptor classes. Symbols to the right of receptor names indicate dimerizarion behavior: one white circle indicates binding to DNA as a monomer; two white circles indicate homodimer; one white and one magenta circle indicate heterodimer with RXR/USP; one white and one circle of another color indicate heterodimer with a receptor other than RXR. The ligands to which the receptors bind are indicated by the typeface of the sequence name as follows: steroid or other cholesterol-derivative (boxed), retinoic acid (underlined), other hydrophobic ligand (italic). Orphan receptors for which no ligand has been identified are shown in normal typeface. Specificity for DNA half-sites is labeled on branches where specificity changes from RGKTCA, the degenerate sequence that includes the half-sites of all other receptors. some 600 million years ago. Because nuclear receptors have been sought but not identified in either fungi or porifera (Escriva et al., 1997) , presumably a burst of genomic activity in the pre-or very early Cambrian led to the diversification of the nuclear receptors into their five groups. Subsequently, the RARs, TRs, and gonadal and adrenal steroid receptors appear to have emerged only in the vertebrate lineage, because neither complete sequences nor fragments (Escriva et al., 1997) have been detected in any taxon more anciently diverged than cephalochordates. Since then, many receptors have been duplicated several times within the vertebrates but not the arthropods, producing cognate groups of two to four members each (i.e., the RXR, RARs, PPARs, RORs, Rev-erbs, COUPs, and steroid receptors); the resulting diversity of nuclear receptors may have facilitated the emergence of the complex physiology and developmental processes that characterize the vertebrate lineage.
Each class contains receptors involved in diverse organismal functions, suggesting that new regulatory proteins can gain control over novel aspects of physiology and development with little regard to the function of the proteins from which they are derived. For instance, the EcR, the master regulator of insect metamorphosis (Thummel, 1995) , is closely related to a group of vertebrate receptors that includes LXR and FXR, which are involved in cholesterol homeostasis, and the vitamin D receptor, which regulates bone maintenance and neurodevelopment. NGFI-B regulates diverse endocrine functions, including steroidogenesis and the development of the hypothalamicpituitary-adrenal axis, whereas the closely related DHR38 is involved in insect metamorphosis (Thummel, 1995) . SF-1 induces the enzymes involved in the production of sex steroids in vertebrates, but its cognate genes Ftz-Fla and Ftz-Flb control segmentation and are involved in the metamorphic cascade in D. melanogaster, respectively (Thummel, 1995) .
Phylogenetic Conflict Between Protein Domains
Whether to treat partitioned data sets together or separately is a controversial issue in systematics (for a review, see de Queiroz et al., 1995) . As has been argued elsewhere (Kluge 1989 (Kluge , 1998 Eernisse and Kluge, 1993; Kluge and Wolf, 1993; Nixon and Carpenter, 1996 ; DeSalle and Brower, 1997), we consider a simultaneous analysis of all data the most effective and philosophically defensible approach to systematizing organismal taxa by evolutionary descent. In the present case, however, we are applying the tools of phylogenetic systematics to the history of a family of proteins composed of multiple domains; each protein need not be systematized as a single entity, and there is the distinct possibility that a multidomain protein may have not one but multiple histories. Recombination between genes, translocation of domains, and concerted evolution all provide plausible mechanisms by which a protein sequence may reflect processes other than strict lineage splitting and diversification (Li, 1997) . A simultaneous analysis will accurately reconstruct the evolutionary relationships among proteins in a superfamily only if these processes have not been historically important. This is not to suggest, however, that data sets can be combined only when non-Hennigian processes of hybridization or other forms of horizontal transfer of information between taxa can be positively ruled out. Because reticulate phylogeny is expected much less frequently than lineage splitting and divergence, and because the effect of unstructured homoplasy is minimized in a simultaneous analysis of all available data, we consider the phylogeny derived from a simultaneous analysis the best inference unless compelling evidence suggests that non-Hennigian processes have played a role.
The phylogeny in Figure 2 , like all nuclear receptor phylogenies proposed to date, is based on the assumption that the DBD and the LBD of each nuclear receptor have evolved together as single protein entities, without domain shuffling or other forms of "horizontal" sequence transfer between proteins in the superfamily. We sought to test this assumption by analyzing the phylogenetic signal contained in each domain separately. We thus partitioned our data matrix into the DBD and the LBD-a nonarbitrary division, because these two domains are physically separated in all nu-clear receptors by at least several hundred nucleotides, including one or more introns, a hinge region, and a nonconserved Nterminal portion of the LBD ( Fig. 1 ; see also Gronemeyer and Laudet, 1995) . We then sought the most-parsimonious tree(s) for each domain. The resulting phylogenies (Fig. 3 ) are in agreement with each other and with the combined analysis at most nodes, but they conflict at several others. The most-parsimonious phylogeny for the LBD sequence (the LBD tree) is more congruent with the simultaneous analysis phylogeny than the DBD tree is, presumably because the LBD provides a greater number of informative characters to the total data matrix. Notably, the Bremer supports for several incongruent nodes are higher in the separate trees than in the simultaneous analysis tree, suggesting that low Bremer supports in the combined phylogeny may, in these cases, be the result of conflicting signal provided by the two domains.
Whenever a data matrix with any degree of homoplasy is partitioned into two matrices for separate analysis, some phyloge-FIGURE 3. Phylogenies of nuclear receptor DBDs and LBDs, analyzed separately; reduced cladograms show groups of closely related sequences as single termini. The DBD tree is the strict consensus of 12 mostparsimonious trees (length = 849 steps, CI = 0.518, RI = 0.727, RC = 0.376) from analysis of the sequence of the DBDs and T-boxes only; the 12 trees were congruent at all nodes shown in this reduced cladogram. The LBD tree is the single most-parsimonious tree (length = 4443 steps, CI = 0.479, RI = 0.580, RC = 0.280) in an analysis of the LBDs only. Branch colors correspond to the major receptor classes in the combined analysis (Fig. 2) . Thick branches indicate clades that are incongruent with the combined analysis. netic conflict is likely to appear, simply because of the greater importance of homoplasy in sets of fewer characters (de Queiroz et al, 1995; Farris et al., 1995) . To determine whether the topological differences between domains were due to unstructured homoplasy or to substantially conflicting signal, we used the method of Farris et al. (1995) . This approach quantifies the incongruence of partitioned data sets as the difference between the length of the most-parsimonious tree in a combined analysis and the sum of the lengths of the most-parsimonious tree for separate analyses; the number of extra steps required for the combined analysis, the ILD (Mickevich and Farris, 1981) , separates the character incongruence between data sets from that within data sets. The significance of the ILD is then evaluated against a nonparametric distribution of ILDs, assembled by determining the ILD for a large number of random partitions in the same data set. If the ILD of the test partition is larger than an arbitrarily chosen fraction of the ILDs for the random partitions, then the two data sets are judged to contain structured incongruence greater than would be expected by the effect of partitioning alone.
Applying this procedure to the partition between the DBD and the LBD of the nuclear receptors (Fig. 4) gives an ILD of 32 extra steps, far more than that for any of the 99 random partitions, the most incongruent of which required only 11 extra steps. The DBD and the LBD thus contain phylogenetically incongruent signals with a high degree of statistical confidence (P = 0.01), providing strong evidence that the information contained in the sequence of the two domains represents traces of different historical processes that cannot be explained by homoplasy alone.
Localizing and Testing Incongruence
The LILD test developed here can be used to test hypotheses of incongruence at any individual node that differs between the most-parsimonious trees of any two data sets. In applying the test, we have constrained nodes from the simultaneous analysis tree onto the DBD, because our goal is to test the hypothesis that in some receptors the two domains have been shuf-VOL. 49 fled to produce novel proteins. The simultaneous analysis tree is the best estimate of the gene family's phylogeny under the assumption of purely Hennigian evolution and thus represents the null hypothesis that we are evaluating, rejection of which would give support to the hypothesis of incongruent histories. The simultaneous analysis tree thus provides the nodes that should be imposed as constraints on a phylogenetic analysis of the data in one or both of the partitioned domains. Because the LBD tree is quite similar to the tree from the combined analysis, whereas the DBD tree is less congruent, we have constrained nodes from the simultaneous analysis tree onto the DBD data. This approach allows us to evaluate whether the information in the DBD is in significant conflict with the null hypothesis of no domain shuffling.
The results (Fig. 5) suggest that the incongruence between domains can be localized to a handful of specific nodes. Of the 60 nodes in the combined tree, 44 appear in both the combined analysis and the DBDonly tree (LILD = 0). Of 16 incongruent nodes, 9 have LILDs equal to just 1 or 2 steps, and 8 have clearly insignificant Pvalues (P » 0.10), indicating that the incongruence observed for these clades could have arisen from chance factors, such as an unequal distribution of unstructured homoplasy among domains. Seven nodes have LILDs equal to 4 steps or more and Pvalues ranging from 0.01 to 0.10; these nodes account for most of the global incongruence depicted in Figure 4 . The low Pvalues associated with these LILDs indicate that the conflict between the partitioned data sets at these nodes is unlikely to have arisen simply by chance. As Figure 5 shows, the random distribution of LILDs differs considerably among nodes. LILDs equal to 2 steps have P-values ranging from 0.02 to 0.43, and an LILD of 4 at one node may have a lower P-value than an LILD of 5 at a different node. This pattern shows that no fixed relationship exists between the magnitude of the LILD and its P-value; the distribution of LILDs for random partitions thus needs to be estimated separately for each incongruent node.
Of the eight nodes with significant Pvalues, six appear in three nested pairs. This pattern occurs because a single branch can cause incongruence at more than one node if its location in the phylogeny of one data set is distant from its location in the other. As Figure 5 shows, the branch responsible for each of the nested pairs of significantly incongruent nodes can be identified by comparing the phylogeny of the combined analysis with that of the DBD subset. The nesting of high LILDs with low P-values also adds confidence to their evaluation as statistically significant. Because we have tested the significance of 16 LILDs, using a critical value of P = 0.10 each time, there is a considerable chance of a type I error at one or more of the nodes evaluated (-80%, based on a Poisson model). The chance is much lower, however, that a type I error would occur at both LILDs in a nested pair; this probability equals the product of the P-values for each of the LILDs in the pair. For each of the three sets of nested pairs in this phylogeny, the probability of a compound type I error at both nodes equals 0.0036, 0.009, and 0.005, mak-mPPARa mPPARd mPPARg mRev-erb-b hRev- erb-a  dE75a  dE78a  CNR14  mRORai  rRZRb  mRORg  DHR3  CHR3  mRARa  mRARb  mRARg  mTRa  mTRb  mVDR  hMB67  xONR1  DHR96  mFXR  hHRR-1  mUR  hLXR  dECR  mNURRI  hNOT  hMINOR  mNGFIB  hNAK1  DHR38  mCOUPI  mCOUP2  dSVP1  mEar2  mTLL  dTLL  hTR211  mTR2R1  mTR4  DHR78  mRXRa  mRXRb  mRXRg  dUSP  mhnf4  dHNF4  mAR  mGR  rMR  mPR  mER  mERb  hERRi  mERR2  mSF1  mLRH1  dFtzFib  dFtzfia  mGCNF FIGURE 5. Localized incongruence of nuclear receptor DBDs versus combined analysis. The phylogeny shown is the most-parsimonious tree for the combined analysis of the DBD and the LBD. For each node that did not appear in a most-parsimonious tree when the DBD was analyzed separately, the local incongruence length difference (LILD) appears above the branch, and the P-value of the LILD appears below. LILDs with P > 0.10 are shown in bold. Arrows point to the branches where incongruent branches (thick lines) attach in the DBD-only tree.
ing it thus extremely unlikely that the LILDs associated with these three incongruent branches would have been observed by chance. We concentrate on these branches in the following discussion.
"Hybridization" or Alternative Explanations?
The lack of significant LILDs at most nodes suggests that for most receptors the null hypothesis of evolution by full-length duplication and divergence cannot be rejected. Highly significant LILDs at several other nodes, however, allow the null hypothesis to be rejected with considerable confidence: Random homoplasy cannot explain the degree of incongruence observed between the DBD and the LBD. This finding-along with the existence of highly significant global incongruence between domains-offers strong evidence that domain shuffling or other forms of "horizontal" information transfer have played a significant role in the evolution of several specific groups of receptors.
Among the several alternative explanations for incongruence, none provides compelling explanations in this case. First, incongruence could arise if long-branch attraction affected one domain but not the other. Amino acid data, however, have 20 potential states and are far less prone than nucleotide data to become saturated and cause long-branch attraction. Further, the DBD and the LBD of nuclear receptors in particular evolve extremely slowly, making long-branch attraction unlikely (Thornton and Kelley, 1998; Laudet, 1997) . Most convincingly, none of the nodes with significant LILDs in the present analysis connect very long branches: None of these pairs of branches is two standard deviations greater than the mean branch length in the simultaneous analysis tree, and in only one case (the node connecting the RARs to the TRs) are both branches even one standard deviation above the mean (data not shown).
Second, significant incongruence could arise if differential base composition distorted the phylogenetic inference based on the sequences of one domain but not the other (Pettigrew, 1994) . Domains from a single gene within a single organism, however, are very unlikely to have different base compositions, so it is implausible that this possibility caused the incongruence observed between the DBD and the LBD of the nuclear receptors. Moreover, receptors from flies and from mice are found in all five receptor classes in both simultaneous and separate phylogenetic analyses, indicating that base-compositional differences between these phyla have not caused convergence that has biased phylogenetic inference.
Finally, significant incongruence could result if powerful selection acted to cause convergence by many sites in one but not the other domain of two distantly related receptors. We cannot rule out this possibility, and it remains a reasonable alternative explanation. Although domain-specific convergence is possible, however, it requires considerable speculation for which there is no empirical support. As in an unpartitioned analysis, attributing shared character states to convergence requires ad hoc hypotheses that are less parsimonious than the simple Hennigian explanation of shared character states being due to common descent. We thus consider the scenario that some receptors have multiple phylogenetic histories as the most direct interpretation of the evidence of significantly structured interdomain incongruence.
Evolutionary Scenarios
Although the data support the view that several groups of nuclear receptors evolved when sequences from the domains of preexisting receptors "hybridized" to form new proteins, the elucidation of the specific historical events involved is more ambiguous, for two reasons. First, the mechanisms by which information was transferred from one protein to another, including transposition and intergenic recombination, remain obscure. Second, it can be unclear which receptors are hybrid proteins, because incongruent phylogenies alone do not indicate unequivocally which terminals are the ones that "moved" in the phylogenies of the two partitioned data sets. Consider a simplified example: if hybridization causes the data from one domain to yield the phylogeny (((A,B) ,C),D) and that from the other to support (((A,C) ,B),D), with significant conflict at the node (A,B), there is no way to determine whether the hybrid sequence is A, B, or C.
This problem could be resolved if we knew the relative ages of each receptor; in most cases, however, the available data on the distribution of receptors in various taxa are inadequate to specify which receptors evolved first and which appeared later in the evolution of the superfamily. Plant systematists have sought to identify hybrids by reference to one phylogeny considered the true tree (Delwiche and Palmer, 1996) or by assuming that hybrids will share approximately half their character states with each of their two "parents" (Rieseberg and Ellstrand, 1993) . In the case of the nuclear receptors, however, we have no empirical basis for an assumption of either type: the true tree is unknown, and there is no expected distribution of character states in a group of proteins that have been subject to powerful and uncharacterized selective pressures for hundreds of millions of years.
Despite these sources of uncertainty, the data indicate that there were three domainshuffling events during the history of the nuclear receptors, and several specific scenarios are consistent with the evidence at hand. The first locus of significant incongruence is the clade that contains the RARs and TRs. The LBDs of the TRs and RARs are most closely related to each other, but the DBD of the TR is descended from the vitamin D receptor, while that of the RAR is grouped with the PPAR/Rev-erb/ROR group. When the clade (TRs, RARs) from the combined analysis (and from the LBDonly tree, as well) is constrained on the DBD sequences, LILD equals five extra steps (P = 0.04); further, the node that excludes these receptors from the vitamin D and related receptors also has considerable incongruence (LILD = 5, P = 0.09). Moreover, the Bremer value (b = 4) in the DBDonly tree suggests reasonable support for the monophyly of the TR/VDR/EcR group with the RARs excluded, whereas the monophyly of this same group without the TR is well supported in LBD-only phylogeny (b = 5). Together, these findings allow us to reject the null hypothesis that the domains of the RARs or of the TRs evolved as single entities. Instead, they suggest one of two scenarios: the ancestral RAR may have been a hybrid protein made up of the DBD of a member of the PPAR/Reverb/ROR group and the LBD of the TR, or, alternatively, the first TR may have been assembled from domains of the vitamin D receptor and an RAR. Choice of one scenario over another will require further molecular investigations into the distribution of TRs and RARs in anciently diverged taxa to determine which group of receptors was present first. In both scenarios, the hybridization event presumably occurred at some point after the chordate-hemichordate divergence, because current knowledge suggests that both TRs and RARs are restricted to the chordate lineage.
The second group of apparently hybrid sequences is the vertebrate steroid receptors, which includes receptors for estrogens, androgens, progestins, and corticosteroids. The LBD of these proteins is most closely related to the SF-1 protein (which, like the steroid receptors, binds derivatives of cholesterol, including pregnenolone), but the DBD is more closely related to the NGFI-B group. When the clade from the combined and LBD-only tree that includes only the steroid receptors, SF-1, and related receptors is constrained on the DBD sequence, considerable conflict emerges, with an LILD of four extra steps (P = 0.10). The nested nature of the incongruence offers further support: The next most inclusive clade from the combined and LBD-only tree that excludes the NGFI-B group also requires four extra steps, with even greater statistical significance confidence (P = 0.05). In addition to this evidence of incongruence, Bremer support is reasonably ample for the status of the DBD of the NGFI-B group as sister to that of the steroid receptor group, but its LBD is in a class by itself, related to classes I and II, far from the steroid receptors and SF-1. Although Bremer support for the monophyly of the steroid receptors and the SF-1 group is rather weak in the LBD and combined trees, support for the exclusion of NGFI-B to distant parts of the tree is quite strong. Thus, although the phylogenetic affinity of the steroid receptor LBD with that of SF-1 is not entirely unambiguous, the incongruence of the relationships of the steroid receptors to NGFI-B over the two domains is quite clear.
The steroid receptors have been detected only in chordates (Escriva et al., 1997) , but both SF-1 and NGFI-B are found in both chordates and arthropods. Our results thus suggest that the most recent common ancestor of the steroid receptors may have been a hybrid of the DBD of NGFI-B and LBD of SF-1. Another hypothesis, however, is slightly less parsimonious but still plausible: The incongruent signal between domains may be due to a hybrid origin not of the steroid receptors but of NGFI-B itself. In the DBD-only tree, SF-1 appears as a sister group to the steroid receptor /NGFI-B clade; in the LBD-only tree, however, SF-1 appears as sister to the vertebrate steroid receptors, but NGFI-B moves to a very different phylogenetic position. Further, Bremer support for the monophyly of the steroid receptors with NGFI-B is low in the DBD-only tree, leaving open the possibility that the true phylogenies for both domains unite the steroid receptors and SF-1 in a monophyletic group to the exclusion of NGFI-B. If this were the case, then both the DBD and the LBD of the steroid receptors would be descended directly from SF-1, and the NGFI-B group would be descended from a more ancient chimera composed of the DBD of the SF-1/Ftz-Fl protein and the LBD of some member of receptor classes I or II (or their now extinct ancestral sequences). Supporting this possibility is the fact that both NGFI-B and SF-1/Ftz-Fl bind to extended monomeric DNA response elements. If this scenario is accurate, then the "hybridization" event that produced the ancestor of the NGFI-B group would have taken place well over 600 million years ago, because NGFI-B and related sequences are common to vertebrates, arthropods, and nematodes. If, on the other hand, the first hypothesis is true, then the molecular mixing of domains that produced the ancestor of the steroid receptor clade would have taken place later, some time after the protostome-deuterostome divergence.
The final pair of nodes with significant interdomain incongruence involves the orphan receptor HNF4, which is involved in organogenesis in both insects and vertebrates. The DBD of the HNF4 is most closely related to the orphan receptor tailless, but the LBD clusters with that of the RXR group. The local incongruence (LILD = 4 steps in both cases, P = 0.09 and 0.10, respectively) suggests phylogenetic conflict between the domains of these receptors beyond what is likely to have occurred by chance. Because HNF4 is present in both protostomes and deuterostomes, the molecular event that produced the gene for this protein must have taken place >600 million years ago.
Evolution of Receptor Function
The functional diversity of nuclear receptors accounts for their varied and essential roles in metazoan biology. The specific molecular activity of any nuclear receptor can be understood, in part, as a combination of three individual functions: affinity for specific target genes, affinity for specific ligand(s), and dimerization behavior. The ability to regulate specific target genes is the result of the ability of nuclear receptors to bind specific cis-acting DNA response elements. The canonical nuclear receptor response element is a tandem or palindromic repeat of the "half-site" AGGTCA; some receptors recognize different half-sites, however, and some bind to a single rather than a duplicate half-site. A further variation in the configuration of the half-site is that some receptors bind to palindromic (inverted) repeats of the half-site, whereas others bind to tandem (direct) repeats. Moreover, each receptor has the greatest affinity for a response element in which the halfsites are separated by a specific number of nucleotides, which varies from zero to six. The second functional attribute is the ligand to which a nuclear receptor binds, of which there are four classes: steroids and other cholesterol derivatives (including oxysterols and vitamin D 3 ), retinoic acids, miscellaneous ligands (including prostaglandins, fatty acids, and thyroid hormones), and-for the orphan receptors-no ligand at all. Third, there is considerable diversity in dimerization behavior. Some nuclear receptors bind to DNA as homodimers, others form heterodimers with other receptors (most with RXR, but some with other specific partners), and some-those that recognize single half-sites-can bind to DNA as a monomer.
Both the combined and separate phylogenies indicate that the evolution of receptor function at the molecular level is quite complex. The position of a receptor in both the combined and the DBD-only tree is related to the response element to which it binds. There is considerable phylogenetic consistency in the nature of the half-site, synapomorphic binding-specificity being found in just two clades (Fig. 2) : virtually all receptors bind to the degenerate site RGKTCA, but the vertebrate steroid receptors AR, PR, GR, and MR bind to the sequence AGAACA, and the vertebrate and insect tailless proteins bind uniquely to AAGTCA. The orientation and spacing of the repeated half-sites is considerably more complex, with a much greater number of states, a large number of "polymorphic" receptors that can bind to more than one configuration, and less phylogenetic consistency.
The relationship between dimerization status and position in the tree is looser but still clear (Fig. 2) . The ability to bind to DNA as a monomer appears to be an apomorphy (later lost in some members) of classes I, III, and V. This character becomes much more consistent, however, in light of the incongruence between the DBD and the LBD. The DBD-only tree (Fig. 3) places NGFI-B, which can bind to DNA as a monomer, in a clade that includes ERR-1, ERR-2, and SF-1/Ftz-Fl (all of which also function as monomers) and the vertebrate steroid receptors, in which case the homoplasy of monomeric function is reduced considerably, appearing only in this group and in the class I receptors. All members of class II and some members of classes I, III, and IV form heterodimers with RXR, whereas receptors that bind DNA as homodimers are present in classes I, IV, and V. These results suggest that the ability to homo-or heterodimerize, or to bind DNA as a monomer, both evolved and was lost independently several times. Other investigators have hypothesized that the "ancestral" nuclear receptor was a homodimer (Escriva et al, 1997; Laudet, 1997) , but no ancestral state provides a more-parsimonious reconstruction than any other. Further, the receptors that are considered candidate "ancestors" because they have been detected in Cnidaria or Platyhelminthes (or both)-FtzFl, COUP, RXR, and TR2 (Escriva et al., 1997) -include receptors that can function as monomers, homodimers, and heterodimers; the "molecular fossil record" thus provides no evidence on which to polarize the dimerization status of the ancestral receptor.
The ability of receptors to bind various ligands is even more homoplastic. In both the combined tree and the LBD tree, numerous receptors in unrelated classes (ER, AR, GR, MR, PR, and SF-1 in class V; EcR, VDR, FXR, and LXR in class I) bind steroids or their metabolites. RARs and RXR (also distant from each other in both trees) bind retinoic acids. Several unrelated receptors (including the thyroid receptors and some PPARs) bind such miscellaneous ligands as fatty acids, prostaglandins, and the halogenated amino acid triiodothyronine. Socalled "orphan receptors" that bind no known ligand are scattered among all classes on the tree. This pattern of homoplasy in the combined tree indicates either rampant parallelism/reversal in the ability to bind various kinds of ligands or the influence of domain shuffling, if the combined tree does not represent the true phylogeny of the domain of the protein responsible for ligand binding. Ligandbinding is also highly homoplastic in the LBD-only tree, however, so we conclude that the ability to bind various kinds of ligands was gained and lost independently numerous times during the evolution of the nuclear receptors.
CONCLUSIONS
Incongruence between partitioned data sets is a common and vexing problem in phylogenetic studies. When partitioned data yield incongruent phylogenies, investigators often venture hypotheses about the evolutionary events that may have produced the incongruence, such as hybridization, divergent histories for maternal and paternal lineages, or horizontal sequence transfer, but these hypotheses are seldom tested. Our method to localize incongruence and evaluate its statistical significance is applicable to any type of data partition and allows hypotheses of this type to be refuted or corroborated based on the character data at hand. It offers a convenient and relatively simple technique to formulate and quantitatively test specific hypotheses about the existence of incongruence for specific terminals, whether they are classes of organisms or members of a gene family, whether the incongruence is due to multiple phylogenies, concerted evolution, or other biological processes that distort the character information in subsets of a partitioned data matrix.
Calculation of an LILD for each node on a tree can be done rapidly, requiring a single analysis with the appropriate constraint for each incongruent node. Evaluating the significance of incongruence is more time consuming but is still relatively efficient, requiring 200 heuristic analyses (assuming 1 test and 99 random partitions) and approximately the same amount of time as a global ILD test. Repeating this process for all nodes on a tree is more computationally intensive, requiring fast machines or long processing times if data sets are large; the number of analyses required equals 100(n + 1), where n is the number of nodes tested; the additional term represents the unconstrained analysis for each partition. When computer time is limited, it is most efficient to calculate LILDs first and choose specific nodes for statistical evaluation based upon the magnitude of the conflict and the extent to which incongruence at that node is of biological interest. That is, the test is more efficiently used for its stated purpose-the evaluation of specific hypotheses of interpartition incongruence-than as a screening exercise to evaluate the significance of all potentially incongruent nodes on a tree. As this investigation shows, however, the test can be used for the latter purpose, as well.
Here we have used the technique to demonstrate that several specific members of a biologically important gene family have evolved as "hybrid" proteins composed of the sequences of domains derived from other, more ancient proteins in the family. This finding, together with the results of our analysis of the evolution of aspects of nuclear receptor function, indicates that the process by which novel molecular and biochemical mechanisms have evolved has been considerably more complex than the "point mutation" model popular in some discussions (Golding and Dean, 1998 ). The present investigation shows how the established methods of phylogenetics and comparative biology-along with the new technique developed here-can be applied to the diversification of a protein superfamily, shedding some light on the historical process by which biologically essential molecules have learned to do their jobs.
